(Received 14 June 2013; accepted 28 July 2013; published online 9 August 2013) Graphene was transferred to the propagation path of quartz surface acoustic wave devices and the attenuation due to gas loading of air and argon measured at 70 MHz and 210 MHz and compared to devices with no graphene. Under argon loading, there was no significant difference between the graphene and non-graphene device and the values of measured attenuation agree well with those calculated theoretically. Under air loading, at 210 MHz, there was a significant difference between the non-graphene and graphene devices, with the average value of attenuation obtained with the graphene devices being approximately twice that obtained from the bare quartz devices. Although graphene's large surface area and unique properties, including its sensitivity to single absorbed molecules, 1 means that it naturally lends itself to potential integration with surface acoustic wave (SAW) devices, relatively little work has so far been reported. SAWs propagate along the surface of a solid, with the majority of the energy of the wave confined within one wavelength of the surface. SAW based devices are widely used, for example in mobile phones and televisions, and in such a device a radio frequency signal is applied to an interdigital transducer, on a piezoelectric substrate, to launch a SAW pulse. An identical transducer can be used to detect the SAW at the other side of the device. As the attenuation and velocity of the SAW can be dramatically affected by its interaction with the surface of the device, SAWs are also widely used in sensing applications due to the ability to make devices with relatively large sensing areas. 2 Thalmeier et al. 3 and Zhang et al. 4 have both made theoretical studies of the change in SAW propagation, on a piezoelectric substrate, due to the interaction with charge carriers in graphene. Acousto-charge transport, which exploits this piezoelectric interaction, has been reported from large graphene sheets transferred onto lithium niobate substrates, 5 and very recently in monolayer graphene on SiC. 6 Arrat et al. 7 deposited graphene like nano-sheets, prepared by the reduction of graphene oxide, onto LiTaO 3 SAW devices and used these to sense hydrogen and carbon monoxide. The effects of moisture adsorbed on 200 nm multilayer graphene sheets and the resulting SAW attenuation was investigated experimentally by Ciplys et al. 8 They report that ambient air humidity produced an exponential increase in attenuation as a function of frequency, but from these measurements alone it is difficult to determine the mechanism of this attenuation. In this paper, we investigate the effects of argon and air loading on quartz SAW devices, which have the advantage of greater temperature stability (negligible temperature coefficient of delay) compared to other substrates, with and without graphene in the acoustic path.
Commercially available CVD graphene grown on copper was transferred onto ST-cut quartz SAW bandpass filters, with a 1 dB bandwidth of 1.3 MHz at 70 MHz, using the PMMA transfer technique. 9 A 100 nm thick layer of PMMA was drop coated on the graphene, and baked at 180 C for 10 min. The copper was then etched away using 0.3 M FeCl 3 solution, leaving a thin sheet of PMMA/graphene floating on the surface. This flake was rinsed in deionized water 8-10 times to remove any residual etchant and transferred to the quartz substrate. The sample was allowed to dry at room temperature to allow proper adherence of the graphene to the quartz. Finally the PMMA was removed in boiling acetone (80 C for 30 min) leaving a graphene sheet of approximately 3 mm Â 3 mm on the quartz surface between the interdigital transducers.
Characterization of the graphene was undertaken using Raman spectroscopy, with a Renishaw 100 mW CW 532 nm laser. Raman spectra were measured at nine points randomly distributed across the graphene sheet and the average of these spectra, together with the average obtained from five points measured in the bare quartz, is plotted in Figure 1 . Note that the bare quartz spectrum has been subtracted from the graphene spectrum. The 2D and G peak were obtained at 2885 cm À1 and 1590 cm
À1
, respectively, and the 2D/G peak ratio was measured to be 1.83 which is characteristic of graphene. 10 A relatively small D peak at 1346 cm
, which could be attributed to the defects caused by the unintentional doping and wrinkles formed during the transfer process, suggests that the overall quality of the transferred graphene is high. Two metal contacts, 3.5 mm by 40lm (separation ¼ 1.5 mm), were then defined using e-beam lithography to sit on top of the graphene and in the acoustic path as shown schematically in Figure 2 . Metallization was done by thermal evaporation of 5 nm Cr and 50 nm Au. The samples were then mounted on a printed circuit board (PCB) using a conductive silver epoxy and measurements were undertaken with the PCB mounted in a vacuum chamber at room temperature. Four devices were investigated: two with graphene and two without.
Measurements were performed by exciting 0.5ls long SAW pulses, with a repetition frequency of 200 kHz, at the transmitter and receiving the time-delayed signal at the opposing transducer. The amplitude of the received SAW was measured using a LeCroyWaveRunner 204Xi-A digital oscilloscope. The acoustic path length of the devices was 10. Note that the large bandwidth of the devices means that changes in the velocity of the SAW caused by gas loading will not manifest themselves as a change in SAW amplitude.
To obtain the attenuation due to air and argon loading the SAW amplitude was measured with the chamber either evacuated or filled with gas. For the first stage, the device rested in the sealed chamber filled with gas at atmospheric pressure for 10 min and the SAW amplitude was measured. The SAW amplitude was then measured every second as the chamber was evacuated. In all of the experiments, the change in SAW amplitude occurred within the first few minutes of the chamber evacuation, when the pressure in the chamber dropped from atmospheric to pressures on the order of 10 À2 mbars. Further pumping to reach even lower pressures produced no discernible changes in amplitude, and the attenuation coefficient due to argon or air gas was therefore calculated by taking the average value of SAW amplitude in vacuum and gas.
To carry out the experiment with argon the chamber first had to be pumped down to remove the air, which was done for 1 h before the chamber was re-filled with argon up to atmospheric pressure. The connecting gas tubes were flushed with argon before each use to remove unwanted contaminants. The chamber was initially slightly over-pressurised and then allowed to reach atmospheric pressure to ensure consistency with the air experiments. The device was left to rest for 10 min in the argon before the vacuum pump was switched on again for fifty minutes, in an identical manner to the air experiments.
In Figure 3 , measured values of attenuation coefficient due to argon loading, for both bare quartz devices and those containing graphene in the acoustic path, are shown for SAW frequencies of 70 MHz and 210 MHz. Each point represents a different measurement. As can be seen, there is no significant difference in the values of attenuation coefficient obtained for the graphene and non-graphene devices, with the average values attenuation coefficient for the bare quartz devices of 0.095 dB/cm and 0.266 dB/cm at 70 MHz and 210 MHz, respectively, compared to values of 0.103 dB/cm and 0.288 dB/cm obtained from the graphene devices. Also plotted in Figure 4 are values of attenuation coefficient calculated using the model developed by Slobodnik,
where a is the attenuation (Nepers per metre), f is the SAW frequency, P is the pressure of the gas (Pascals), q s is the density of the substrate (kilograms per cubic metre), s is the velocity of the SAW in the substrate (metres per second), M is molecular mass of the gas, R is the universal gas constant, T is the temperature, and c is the ratio of the specific heat at constant pressure to the specific heat at constant volume.
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The values of attenuation calculated using Eq. 
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with frequency (the calculated values are slightly higher than the attenuation measured experimentally at both frequencies, but this is expected from approximations in the theory and the difference between the measured and theoretical values of attenuation is of the same order and form as those measured by Slobodnik).
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In Figure 4 , the attenuation due to air loading is shown for the bare quartz and graphene devices at 70 MHz and 210 MHz. At 70 MHz there is no significant difference between the graphene and non-graphene devices and the measured attenuation is consistent with the value of attenuation due to gas loading calculated from Eq. (1). However, at 210 MHz, there is a significant difference between the values of attenuation obtained from the graphene (average attenuation 0.57 dB/cm) and non-graphene devices (average attenuation 0.28 dB/cm), with the higher values of attenuation obtained from the graphene devices being not explained by just gas loading. Figure 5 shows the change in measured SAW amplitude on evacuation of the vacuum chamber for one of the graphene devices (the data chosen corresponding to the largest value of attenuation obtained). It is well known that water will be absorbed onto the surface of graphene, 12 will act to dope the graphene, 13 and can be trapped under CVD graphene when this is transferred to other substrates. 14 Water absorption could attenuate the SAW either through a viscoelastic mechanism, 2 or via the interaction of the electrostatic fields associated with the SAW travelling on a piezoelectric substrate and charge carriers within the graphene (acousto-electric attenuation). SAWs have been extensively used over the last decade to probe the magnetoconductivity of two-dimensional electron and hole systems. 15 The piezoelectric interaction between SAWs and 2D electrons is usually described using a simple classical relaxation model, 15 where the attenuation per unit length C is a non-monotonic function of the diagonal component of the conductivity tensor r 2D xx ,
where q is the SAW wavevector, and K 2 ef f is the piezoelectric coupling coefficient. The maximum attenuation occurs at a characteristic conductivity r M is therefore given by
Taking values of 3158 m/s and 6 Â 10 À4 for the SAW velocity and K 2 ef f in ST quartz, the maximum attenuation predicted by this simple classical model would be approximately 2.7 dB/cm. As the chamber was evacuated, the resistance of the graphene devices was typically observed to decrease sharply by approximately 5% within the first few minutes, over similar timescales/pressures as the increase in attenuation. On further pumping, the resistance of the devices then started to increase slowly with time/decreasing pressure, so that after pumping for 20 h, reaching a pressure of $10 À6 mbar, the resistance of the devices typically rises by around 10%, and continues to rise with further pumping. As a value of the characteristic conductivity, r M , or even the validity of the classical relaxation model, has yet to be established for graphene, it is not possible from these measurements alone to infer whether the change in the SAW amplitude on evacuation was due to the change in electrical characteristics of the graphene.
However, this sudden decrease in the device resistance on evacuation of the chamber is consistent with the removal of water vapour from the surface of the graphene. 16 In addition, the average change in attenuation observed for the graphene devices on evacuation of the chamber at 210 MHz (0.57 dB/cm) is similar to the value of the change in SAW attenuation ($0.55 dB/cm) obtained experimentally by Ciplys et al.
8 at a frequency of 286 MHz for relative humidity of 50% (which is the typical of the conditions in the laboratory in which the measurements presented here were undertaken). As the piezoelectric coupling coefficient of the Y-cut Z-propagation lithium niobate used by Ciplys et al. is approximately 40Â greater than the quartz substrates used here, the similar values of the attenuation obtained in the two experiments suggest that the dominant attenuation mechanism is not acousto-electric, as any piezoelectric interaction with the charge carriers would scale linearly with the coupling coefficient and the attenuation would then be expected to be 40Â larger when lithium niobate substrates are used. Instead, it is likely that the water absorbed onto the graphene causes attenuation via a viscoelastic effect. The relatively large variation in values of attenuation measured using the graphene devices is then likely to be due to variation in the starting condition of the device.
The attenuation of four SAW quartz devices was evaluated at two frequencies (70 MHz and 210 MHz) due to air and argon loading. Two of the devices had graphene transferred to their propagation path which produced an increase in attenuation with air loading compared to the nongraphene devices at 210 MHz which is not predicted by simple gas loading. Comparison to previous work using lithium niobate substrates suggests that this extra attenuation is due to the removal of water from the surface of the graphene and is visco-elastic rather than acousto-electric in nature. These measurements demonstrate the feasibility of the integration of graphene with SAW quartz devices. FIG. 5 . Change in measured SAW amplitude on evacuation of the vacuum chamber for one of the graphene devices. The red line shows the raw data smoothed using nearest neighbor averaging with a 40 point window.
